Background: Lumbar spine radiography has limited diagnostic value but low radiation dose compared with computed tomography (CT). The average effective radiation dose from lumbar spine radiography is about 1.1 mSv. Low-dose lumbar spine CT may be an alternative to increase the diagnostic value at low radiation dose, around 1 mSv. Purpose: To determine the optimal settings for low-dose lumbar spine CT simultaneously aiming for the highest diagnostic image quality possible. Material and Methods: An ovine lower thoracic and lumbar spine phantom, with all soft tissues around the vertebrae preserved except the skin, was placed in a 20 L plastic container filled with water. The phantom was scanned repeatedly with various technical settings; different tube potential, reference mAs, and with different convolution filters. Five radiologists evaluated the image quality according to a modification of the European guidelines for multislice computed tomography (MSCT) quality criteria for lumbar spine CT 2004. In a visual comparison the different scans were also ranked subjectively according to perceived image quality. Image noise and contrast were measured. Results: A tube potential of 120 kV with reference mAs 30 and medium or medium smooth convolution filter gave the best image quality at a sub-millisievert dose level, i.e. with an effective dose comparable to that from lumbar spine radiography. Conclusion: Low-dose lumbar spine CT thus opens a possibility to substitute lumbar spine radiography with CT without obvious increase in radiation dose.
Introduction
Lumbar spine radiography is a common examination for acute or chronic back pain, in trauma, or as followup after oncological treatment. The diagnostic value of lumbar spine radiography is limited, partly because of obscuring superimposed structures such as abdominal contents and gastrointestinal gas (1) .
Computed tomography (CT) has revolutionized diagnostics in healthcare because of its high diagnostic value. Integrating CT into routine care has improved patient healthcare dramatically, and CT is widely considered among the most important advances in medicine. There are many advantages of CT in musculoskeletal radiology. CT is superior to radiography for detection of acute cervical spine injury and craniomaxillofacial injuries in trauma patients (2, 3) and it has been reported that CT reduces the risk of missing a fracture of the thoracolumbar spine (4) . Spiral CT with three-dimensional (3D) reconstructions gives a better and more accurate demonstration of different types of fractures and allows a more precise preoperative surgical planning (5) . CT also seems to be preferable to conventional radiography in evaluating bone destruction in multiple myeloma (6) . Advances in CT technology such as spiral scanning techniques and the development of multi-detector row CT technology have led to a dramatic increase in the number of CT examinations. The total number of CT examinations performed annually in the United States has risen from approximately 3 million in 1980 to nearly 70 million in the last years (7, 8) , i.e. more than a 20-fold increase. Statistics from Great Britain indicate a 12-fold increase in CT usage over the past two decades (9) . However CT, using conventional settings, delivers much higher radiation doses than radiography (10, 11) . The average effective radiation dose from lumbar spine radiography is about 1.1 mSv (11, 12) . On the other hand, the mean effective dose from standard lumbar spine CT was about 8.7 mSv in Sweden in 2006 (10) . The effective dose from lumbar spine CT has been reported to be as high as 19 mSv (13) .
CT can be performed with much lower dose than with standard settings (7, 14) , at the expense of increased image noise and reduced image quality; even with the same relatively low radiation dose as lumbar spine radiography (7, 14) . CT at this dose level may have a higher diagnostic value compared with radiography and might give more information on anatomy as well as pathologic changes. The CT protocols used for standard-dose CT examinations are not immediately suitable for low-dose examinations, and settings need adjustment to obtain optimal image quality with the lower dose used. The purpose of the current study was to optimize the settings for lumbar spine CT with the same effective dose as lumbar spine radiography, i.e. around 1 mSv, by using an ovine model.
Material and Methods
A phantom was scanned repeatedly with various technical settings to determine the optimal settings for the highest diagnostic image quality.
Phantom
The phantom consisted of an ovine lower thoracic and lumbar spine (from the Th 11 vertebra to the caudal border of the sacroiliac joints), with all soft tissues around the vertebrae preserved except the skin. It was placed in a 20 L plastic container filled with water. The container was 49 cm long, 28 cm wide, and 22 cm deep with a circumference of 97 cm. The cross-sectional area of the phantom, a rectangle with rounded corners, was 608 cm 2 . The imaged phantom thus consisted of water, the vertebral column, muscle, and connective tissue around the spine.
CT imaging
The phantom was imaged with a Somatom Definition AS scanner (Siemens, Forchheim, Germany; 40 channels) using different tube potential (kV), reference tube loading (reference mAs [milliampere-seconds]) and convolution filters (soft to hard). The reference mAs is the manufacturer's expression of the effective mAs used for a ''reference patient'' weighing 70-80 kg. For smaller patients, the effective mAs is thus lower and for larger patients higher than the reference mAs. Imaging was done from the middle of the Th 11 vertebra to the caudal border of the sacroiliac joints with a sector collimation of 40 Â 0.625 mm, rotation time 0.5 s, tube potential set at 80, 100, and 120 kV, reference mAs from 330 to 10 mAs and with automatic exposure control (AEC). Scan length was 27 cm, which is the approximate scan length between Th 11 and S 2 in the human body. For every scan the volume CT dose index (CTDI vol in mGy) and dose length product (DLP; the product of CTDIvol and scan length in mGy*cm) were recorded. The effective dose (E; the estimation of the relative biological risk) was calculated as E ¼ DLP* E DLP . E DLP is a conversion factor, different for different body regions. E DLP for the lumbar spine is 0.017 mSv/mGy*cm (15) .
The phantom was initially imaged according to the standard clinical CT protocol for the lumbar spine at our institution and then with different tube voltages and progressively lower reference mAs settings ( Table 1 ). All scans with an effective dose >1 mSv were excluded from further evaluation.
Axial multiplanar reformatted (MPR) images (3 mm thickness, increment 3 mm) and sagittal MPR images (2 mm thickness, 2 mm increment) were archived in the local picture archiving and communication system (PACS).
Image evaluation
All images were evaluated by five radiologists, blinded to the CT settings. Free use of all PACS tools was allowed at image review. For all combinations of tube potential, reference mAs, and convolution filter the image quality was assessed on axial MPR images from one predetermined transverse process to the next transverse process (the same for all scans), and on sagittal MPR images at the intervertebral joints between the lowest and second lowest lumbar vertebra.
Image quality was assessed according to a modification of the European guidelines for multislice computed tomography (MSCT) quality criteria for lumbar spine CT 2004 (15) .
The following structures were assessed for image quality: sharp reproduction of cortical bone; sharp reproduction of trabecular bone; sharp reproduction of the intervertebral joints; and sharp reproduction of the intervertebral radicular canals.
Each structure was scored on a five-level scale using the following criteria: 0, confident that the criterion is not fulfilled; 1, somewhat confident that the criterion is not fulfilled; 2, indecisive whether the criterion is fulfilled or not; 3, somewhat confident that the criterion is fulfilled; 4, confident that the criterion is fulfilled.
The total score for a CT scan thus ranged from 0 to 160 (5 reviewers Â 4 scored structures Â 2 imaging planes [axial and sagittal] Â maximum score 4).
Second, a visual comparison of the different scans was performed where each reviewer ranked the scans from the highest to the lowest image quality for each scan series.
Image noise was measured by manually selecting 20 regions of interest (ROI), 10 mm in diameter, in the water part of the phantom. Noise was calculated as the mean value of the standard deviation in Hounsfield units (HU). Image contrast was measured as the average HU of bone. One 10 mm ROI was placed on the trabecular bone of the vertebral body in the same section as for the noise measurement. The contrast-to-noise ratio (CNR) was calculated as the ratio between contrast and noise. A subjective evaluation of the acceptability of image noise was done by all five reviewers for each scan.
Selection of tube potential (kV)
CT scans at three different tube potential levels (80, 100, and 120 kV) at two different CTDI vol levels, corresponding to an effective dose of 0.5 mSv and 1 mSv, were reconstructed with the same convolution filter, B41f (medium). Each scan was evaluated separately by all reviewers on separate occasions for each dose level, at least 2 days apart to minimize image recollection. Optimal tube potential was determined to be 120 kV based on the image quality scores, visual comparison, and noise measurement.
Selection of reference mAs and convolution filter
After determining the optimal tube potential further assessment of image quality was done at different reference mAs levels (10, 20, 30, and 40 mAs) which all gave an effective dose of about 1 mSv or less ( Fig. 1 ). Every scan was reconstructed with five different convolution filters: B20f (smooth; according to the scanner manual), B31f (medium smooth), B41f (medium), B50f (medium sharp), and B60f (sharp) (Fig. 2) . Each reference mAs level (10, 20, 30 , and 40 mAs) was evaluated by the reviewers at four different occasions in random order, blinded to reference mAs and convolution filter.
Statistical analysis
The significance of differences between different tube potential settings for image noise and CNR was tested using the Mann-Whitney U test with a confidence level of 95%.
The image quality data are ordinal, and in the statistical evaluation of the results the approach for paired ordinal data proposed by Svensson (16) described by the empirical measure relative position (RP). RP can have a value between -1 and 1; a positive value of RP indicates a change towards higher scores, i.e. the group with new setting is better than the reference and vice versa. The statistical variable that was used as a measure of individual change was the relative rank variance (RV). The closer RV is to 0, the more homogeneous the measurable change is for the group.
Results

Selection of tube potential (kV)
The highest scored image quality was found at a tube potential of 120 kV (Fig. 3) . The results were similar for both tested dose levels corresponding to an effective dose of 0.5 and 1 mSv. In the statistical analysis images with tube potential 120 kV were scored >80 kV but there was no statistical significance between 100 kV and 120 kV ( Table 2) . At direct comparison between the three tube potential levels the reviewers preferred the images with tube potential 120 kV. At about 0.5 mSv effective dose, eight out of 10 ratings (5 reviewers for axial and sagittal images, respectively) indicated 120 kV as having the highest image quality, and at about 1 mSv effective dose five ratings preferred 120 kV with 100 kV as second-best choice. 80 kV was consistently scored as the least preferred setting.
There was a significant decrease in noise level with increasing tube potential from 80 kV to 100 kV to 120 kV (P < 0.0001). There was no significant difference in CNR between 80 kV and 100 kV (P ¼ 0.14) or between 80 kV and 120 kV (P ¼ 0.5) ( Table 3 ). In the subjective evaluation the reviewers chose the scans with tube potential 120 kV as having the most acceptable noise level compared with 80 kV and 100 kV. Tube potential 120 kV was thus chosen for subsequent analysis.
Selection of reference mAs and convolution filter
For all dose levels, a medium and medium smooth filter generally received the highest scores while the sharper filter and the smooth filter consistently received lower scores (Fig. 4 ).
Image quality predictably increased as dose levels increased and scans at the lowest reference mAs levels (10 and 20) received low scores. There was no statistically significant difference between the filters B31f and B41f at reference mAs 30 and 40. The medium filter (B41f) was however better than B31f at reference mAs 10 and 20 (Table 4) . At all dose levels the sharp and smooth filters were scored worse than the reference filter B31, with RV and 95% CI below 0. The result for the medium sharp filter (B50f) varied. It was worse than the reference filter at two dose levels (reference mAs 10 and 30) but there was no significant difference at the other levels (reference mAs 20 and 40). At direct ranking of the five filters, the medium filter (B41f) was preferred at all dose levels except at reference mAs 30 where the medium smooth filter (B31f) was marginally better than the medium filter.
The measured noise levels are shown in Fig. 5 . The sharp and medium sharp filters had the highest noise levels, with a significant difference (P < 0.0001) compared with the medium smooth filter. There was no significant difference between medium smooth and medium filters for reference mAs 10, 30, and 40 mAs (P > 0.5). The reviewers considered the two sharpest filters (B50 and B60) as having too high noise levels. The other filters were considered better but the medium smooth and medium filters (B31 and B41) were preferred irrespective of radiation dose level. À0.40 (À0.53, À0.26) À0.07 (À0.16, 0.03) À0.23 (À0.34, À0.12) À0.61 (À0.73, À0.49) 40
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Values of relative position (RP) with 95% confidence interval. RP values below zero indicate inferior image quality compared with the reference.
Discussion
One main impediment for replacing radiography by CT is the much higher radiation exposure associated with standard CT in comparison with conventional radiographs. Since the biological impact of diagnostic imaging exposure is based on the linear-no-threshold model, the risk of cancer induction is estimated to increase proportionally to organ dose (7, 8, (17) (18) (19) (20) . By using settings adjusted to give a low effective radiation dose from CT it may be possible to replace radiography with CT, provided that the diagnostic information is similar or better. Magnetic resonance imaging (MRI) of the lumbar spine has proven superior to radiography and CT in the diagnosis of bone marrow edema, medullary infiltration, and disc herniation. However, MRI alone is often not sufficient for a complete understanding of the skeletal structure, where radiography or CT may give additional information to understand and evaluate the morphology and pathologic changes in bone. In addition, MRI is not always available, the examination time is long compared to the very short scan time for CT, and in some patients there are contraindications to MRI. This could influence the choice of imaging in the initial management of back pain. Furthermore, the assessment of fracture risk in osteolytic lesions and instability has been proven superior with CT (21) .
Low-dose CT can be seen as an intermediate between conventional radiography and standard-dose CT, with lower image quality but also lower radiation exposure than standard-dose CT. Using CT with reduced dose does not necessarily imply that the patient receives an increased radiation dose compared with radiography, provided that the image quality is consistently adjusted and limited to the diagnostic needs (22, 23) .
The efficacy of low-dose CT protocols has been assessed in several studies, dealing either with other organs or pathologic entities, for example renal stone diagnosis (24, 25) , abdominal diagnostics (26) , or lung cancer screening (27) . In musculoskeletal radiology, low-dose CT for pre-and postoperative scoliosis evaluation has been studied with good results (28) . Another study has shown that low-dose CT is appropriate for diagnosis of lytic bone lesions and for assessment of fracture risk in multiple myeloma patients, representing a serious alternative to the current standard, a skeletal survey with radiography (29) .
Low-dose lumbar spine CT is already in use in many institutions in individual cases when, for example, it is difficult to move the patient and difficult to perform radiography. It is often done with suboptimal image quality since there are no obvious or ''standard'' settings for low-dose lumbar spine CT.
In the current study the technical settings for lowdose lumbar spine CT were evaluated, in order to be able to substitute lumbar spine radiography with CT at the same effective dose. This application of low-dose lumbar spine CT is to our knowledge new, and its impact on diagnosis and patient management has yet to be determined.
Modern dose reduction techniques such as iterative reconstructions were not applied in the current study, as the purpose was to evaluate the best kV and mAs settings, as well as the optimal convolution filter. All reviewers preferred scans with high tube potential (120 kV) ( Fig. 1 ) and image quality was scored highest for 120 kV. Dose reduction was achieved by reducing tube current and changing convolution filter. Other studies have used the same approach (26, 27, 29) , a combination of reduced kV and mAs (28) , or mainly reduced kV from 120 to 100 or 80 (30, 31) .
In the current study, a setting with reference mAs 40 delivered an effective dose of about 1 mSv to the somewhat small phantom. To be on the safe side, a reference mAs 30 could be chosen as the standard setting in low-dose lumbar spine CT to ascertain an effective dose below 1 mSv for the average sized patient, 70-80 kg.
Different convolution filters from soft to sharp were used to assess their influence on image resolution and perceived image quality. Images reconstructed with a sharp filter (B60f) are used in daily clinical practice at our institution with standard skeletal CT. The sharp filter reduces image smoothing, making structures such as trabecular bone or cortical bone contours appear sharper. In low-dose CT, however, further reduction of the applied tube loading (mAs) increases image noise, which is inversely proportional to the number of photons absorbed. Consequently, highresolution techniques using sharp convolution filter increase the visibility of noise dramatically in the lowdose CT images. Therefore, the convolution filter had to be changed towards medium filters, e.g. B41f for low-dose CT, smoothing the image and reducing visible image noise, to improve the image quality.
A suggested protocol for low-dose lumbar spine CT has been provided in Table 5 . For other types of scanners the settings may have to be adjusted slightly.
The main limitation of the current study was the somewhat small size of the phantom. According to a previous study using a water-filled 30 cm wide phantom with a cross-sectional area of 706.5 cm 2 , the absorption of X-rays corresponded to that of an the average adult person (32) . Thus the phantom used in the current study, having a cross-sectional area of 608 cm 2 but being not only water-filled, can be considered to correspond to a small-to medium-sized adult. However this was considered when choosing settings for an effective dose <1 mSv. Another limitation was the use of an ordinal scale for scoring image quality.
In conclusion, the current study has shown the need to reconsider image reconstruction strategies to reduce the effective dose for lumbar spine CT to about 1 mSv. It seems feasible to perform low-dose lumbar spine CT with an effective dose comparable to that from conventional lumbar spine radiography with good results, which demonstrates a possibility to substitute lumbar spine radiography with CT without an increase in effective dose. 
